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Abstract
Meso-scale simulations of the shock-compression response of nickel and aluminum
powder mixtures have been performed to investigate the influence of particle con-
figuration (size, shape, and distribution) on the micromechanical processes of defor-
mation, mass flow, and mixing. Real microstructures were constructed from SEM
montages of the starting mixtures pre-pressed at various densitites [1]. The travel
of the high-pressure disturbance was used to determine the equation-of-state of the
mixture material, and compared to the results of real-time experiments for valida-
tion. Observations of particle-level processes were used to formulate an understand-
ing of the wide range of macroscopic behaviors exhibited as a function of particle
morphology and distribution, porosity, and dissimilarities in properties of the two
constituents. The results reveal the effects of particle heterogeneity on the phys-
ical, chemical, and micromechanical response of shock-compressed Ni+Al powder
mixtures, and their role in the initiation of shock-induced chemical reactions.
Key words: powder consolidation, granular material, deformation inhomogeneities,
shock-induced reactions, micromechanical modeling: finite element analysis
1 Introduction
Next-generation materials are being developed with intentionally introduced
heterogeneities (spatial variations in physical, mechanical, or chemical state)
at various length scales to control their bulk response. As a result, it is be-
coming more challenging and less accurate to predict the behavior of these
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next-generation materials from behavior at the bulk-scale. For applications
subjected to large strain-rates and dynamic pressures, understanding the in-
fluence of meso-scale heterogeneities on the bulk behavior/response of such
materials is of paramount importance.
Heterogeneity itself is an ambiguous descriptor, as it can manifest many forms
and scales. In shock-compression studies, heterogeneities comprise any lo-
cal fluctuations in chemistry or structure that act to invalidate the one-
dimensional assumptions implicit in the jump conditions used to correlate
the states ahead and behind the shock front. Grain boundaries in polycrys-
talline materials [2], phase boundaries in multicomponent lamellar systems,
voids in distended solids, and interfaces and pores in powder compacts, all act
as sources from which complex, nonuniform wave structures may emanate.
The influence of heterogeneities on the overall shock-compression response de-
pends largely upon the degrees-of-freedom in the system configuration. Powder
mixtures are some of the most configurationally-diverse systems; their config-
uration is defined by parameters such as the number of phases present, size
and shape of particles, as well as nearest neighbor and particle orientation
distributions.
Over the past several years, it has become increasingly clear that the shock-
compression response of powder-based systems is dependent upon their con-
figuration, and cannot be adequately described by equilibrium processes [3].
Shock-compression experiments performed on PTFE powders of 28 µm and
534 µm diameter have yielded a strong correlation between particle size and
dispersion of the shock wavefront [4]. For equivalent impact conditions, the
front width for the coarse mixture was approximately double the width for
the 28 µm powder. The larger particles exhibited longer void-closure times,
extending the time required to achieve a steady high-pressure state.
Particle size also plays an important role in the response of energetic powder
mixtures. Prior work on the Ti+Si system has revealed evidence of particle-
size-dependent dynamic material response [5]. Recovery experiments performed
on mixtures of Ti and Si (5:3 molar ratio) of varying particle sizes revealed
distinct differences in the particle-level mechanical behavior of the compo-
nents. For coarse particle sizes (105-149 µm), the Si particles were observed to
undergo fracture, fragmentation, and dispersion within the deformed Ti. The
mixtures of fine particles (Ti: 1-3 µm, Si: < 10µm) on the other hand, formed
discrete clusters of Ti and Si with limited intermixing. Intermediate particle
sizes (< 45µm) exhibited simultaneous deformation and mixing. These dis-
parate micromechanical behaviors exact direct influence over the propensity
for initiating ultra-fast shock-induced chemical reactions, with only the inter-
mediate particle sizes displaying signatures of reaction, evidenced by increases
in shock velocity above a threshold stress of 1.5 GPa [5].
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Further evidence of the influence of powder configuration on mechanical and
chemical behavior has been provided by experimental investigations of Ni+Al
mixtures [6]. Recovery experiments performed by Dunbar et. al. on Ni+Al
mixtures of varying stoichiometry (3:1, 1:1, and 1:3 molar ratio), particle size
(3-150 µm) and particle morphology (equiaxed and flake Ni) showcased dif-
ferent degrees of deformation, mixing, and reaction. It was reasoned that the
mixtures of nearly equivolumetric ratios (3Ni + Al and Ni + Al) maximized
the probability for simultaneous deformation and mixing, and thereby pos-
sessed the greatest potential for reaction. In addition, mixtures containing the
flake-shaped Ni particles underwent a unique change in configuration, charac-
terized by ‘smearing’ of the equiaxed Al particles by the harder Ni particles.
Likewise, mechanical mixtures of Ni and Al have been shown to exhibit max-
imum mixing and ability to react under shock compression in contrast to Al
coated Ni particles [7].
The significance of these distinct particle-level responses in Ni+Al powder
mixtures and their ability (or inability) to react during shock compression
was realized following instrumented time-resolved gas-gun impact experiments
performed by the authors [8]. Results from experiments conducted up to 6
GPa indicated an inert response for the equiaxed Ni and Al powder mixtures,
while the flake-based Ni and equiaxed Al mixture exhibited increased shock-
velocities above 3.5 GPa, classically accepted as evidence of shock-induced
reaction. These deviations in shock velocity were used to estimate the phases
formed during reaction and their extent, however such an analysis is based
upon equilibrium thermodynamics, and gives no information concerning the
critical particle-level processes responsible for reaction initiation in the short
time-scale of the shock pulse duration.
The intent of the work described in this paper is to corroborate the link be-
tween configuration change and shock-induced chemical reactions, speculated
in prior work on the Ni+Al system [6, 8, 9], through discrete-particle numeri-
cal simulations performed on real microstructures of spherical- and flake-based
Ni+Al powder mixtures. Principally, this work seeks to address the following
questions:
(1) What is the role of reactant particle configuration, as manifested in the
systems explored, on the mechanical response of powder mixtures under
shock-compression?
(2) What particle-scale processes are responsible for shock-induced reaction
initiation and product formation?
These questions will be answered following the modeling methods used previ-
ously to investigate spherical Ni+Al powder mixtures of various densities [1],
and correlated with experimental results documenting the capricious tendency
of reaction initiation in the spherical- and flake-based mixtures [8].
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2 Background
The limitations of shock-compression experiments in providing the mesoscopic
details of deformation and mass flow in porous mixtures have long been rec-
ognized. Instrumented experiments employing conventional diagnostics, such
as in− situ stress gauges and point velocity interferometry, provide temporal
resolutions of up to 1 ns, yet are restricted by their poor spatial sampling.
While the emergent technique of line VISAR (ORVIS) allows the collection
of linearly-resolved data, it remains a surface-sensitive diagnostic. Microstruc-
tural characterization of deformation states is only possible as post-mortem
observation of the recovered, final state with no information regarding evolu-
tion of microstructure or its changes as a function of time.
The particle-scale details of shock-compression in metal powder-based systems
is thus, traditionally investigated through computational simulations [10–13].
In many cases, these simulations have relied upon idealized particle geometries
and/or distributions. While approximated microstructures may be adequate
for systems with highly regular geometries, they are disadvantaged when the
powder characteristics are far from ideal, or when the desire is to probe the
micromechanics of shock-compression at ever finer scales.
Real microstructures have been used in several cases to simulate the mesoscale
deformation and fracture responses of a number of monolithic and composite
material systems [14,15]. The shock-compression response of complex materi-
als has also been studied recently [1,16]. Benson utilized a pixel-by-pixel cor-
relation technique to import the microstructure of HMX (high melting-point
explosive) powders into the multi-material Eulerian hydrocode, Raven [17].
The simulations examined the local variations in temperature, which matched
very well with known mixture theories. The HMX particles used in the study
were highly faceted and equiaxed, representing a small excursion from ideality.
The accurate prediction of their shock-compression response may not depend
as strongly upon the faithful representation of particle geometry as for more
irregularly-shaped particles.
The nickel and aluminum powder mixture system studied in the present work
is one in which the particles are not as easily characterized by statistical
averages and distributions. The particles are of highly irregular geometries,
which cannot be easily recreated through the numerical techniques described
in previous works [18–20]. The authors have developed an approach to im-
port experimentally acquired SEM montages into the multi-material Eulerian
hydrocode, CTH [21]. This approach was used to perform discrete-particle
numerical simulations on mixtures of equiaxed Ni and Al powders of varying
initial density (80-45% TMD). The results were used to better understand the
influence of density on the structure and stability of high-pressure disturbance
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Fig. 1. Examples of (a) focused flow of grey-contrast Al between dark-contrast
Ni, and (b) vortex flow in the 45% TMD spherical Ni+Al simulation. As shown,
vortexes commonly form within the aluminum flow (with limited Ni), representing
poor interparticle mixing.
fronts, and on the dominant particle-level deformation mechanisms [1].
It was also found that the structure of high-pressure fronts in powder mixtures
is defined by a low-amplitude elastic-front network, followed by a regime of
high-pressure. The elastic-front network comprises the competitive effects of
elastic wave propagation through interparticle contacts, and unloading from
void pocket regions yet to fully collapse. The network extends ahead of the
high-pressure regime by a thickness that depends upon the number of inter-
particle contacts throughout the mixture. As higher density mixtures contain
a greater number of contacts, it follows that the thickness of the elastic-front
network increases with density. With decreasing density, the network recedes
into the high-amplitude front, carrying with it void pockets of increasing size.
The longer closure times associated with the larger voids result in the pres-
ence of release pockets within the high-pressure regime. Such pockets serve to
create spatial instabilities in pressure, resulting in a highly non-equilibrium
state.
The relatively low strength and density of the aluminum particles was respon-
sible for its preferential deformation and the development of two specific flow
events. The first, referred to as ‘focused flow’, occurs during the impingement
of Al against a restrictive Ni barrier, forcing material at enhanced velocities
into the void regions (Figure 1a). The cumulative formation of directionally-
varied focused flows into large void spaces had a tendency to evolve into the
second flow event, known as ‘vortex formation’ (Figure 1b). While these were
regions of enhanced flow and high temperature generation, the vortexes con-
sisted almost exclusively of Al, and did little to deform and incorporate any
neighboring Ni.
5
3 The Ni+Al System
The Ni+Al powder mixture is an example of a system with large intrinsic
heterogeneity. The physical and mechanical properties of the components are
highly dissimilar; density, yield strength, and shear modulus all differ by over
200%. Such differences are responsible for the preferential deformation and
limited mixing of the softer Al phase with the harder Ni. It is unsurprising
then, that the equiaxed Ni+Al powder mixture system exhibits difficulty in
reacting through shock-induced mechanisms at low pressures (< 6 GPa) [22].
Though challenging to react, the formation of the equiatomic NiAl phase
results in a high heat of reaction, ∆H = −1.38 kJ/g. Indeed, recovery ex-
periments reveal that intermetallic reactions initiated through thermochem-
ical mechanisms are sufficiently exothermic to melt the immediate product
phase [6, 23]. Such exothermic potential, with the ability for rapid release of
energy, is desired for next-generation energetic materials. These new mate-
rials need not only to deliver a certain energetic output, but also within a
flexible timescale. For low reaction-threshold materials, this requires methods
for controlling sensitization. Conversely, techniques may be investigated for in-
creasing the susceptibility to ultra-fast reactions in the high reaction-threshold
Ni+Al system. The advantage of the latter approach is in applying the under-
standing gained through this work to the large matrix of intermetallic-forming
systems, effectively increasing the number of candidate systems with widely
varied differences in reactant properties for next-generation energetic materi-
als.
The objective of this work is to use starting powder configuration (e.g., particle
morphology and/or packing density) as a design parameter, through which
the desired energetic response of shock-induced chemical reactions may be
promoted, in spite of the intrinsically heterogeneous but highly exothermic
Ni+Al powder mixture system.
4 Model Description
The simulations of shock compression were performed using the multi-material
Eulerian hydrodynamic code, CTH, developed at Sandia National Laborato-
ries [21]. The powder microstructures were constructed from real micrographs
obtained from pre-pressed Ni+Al powder mixtures of varying density (80%,
60%, 52%, and 45% TMD) and configuration (spherical and flake particle
morphologies). The various configurations of powder mixtures were pressed
to the desired initial density, and then sectioned along the pressing axis. A
fraction (slightly less than the desired void volume fraction) of Loctite Hysol
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Fig. 2. Scanning electron micrographs and imported CTH model domains for the
45% TMD spherical Ni+Al, and flake Ni + spherical Al powder mixtures. The Ni
particles in the flake mixture form layered stacks normal to the pressing direction
(vertical).
epoxy was added before pressing to facilitate sectioning and polishing of the
highly-porous compacts. The source SEM montages and resulting CTH model
domains for the 45% TMD spherical Ni+Al and flake Ni + spherical Al pow-
der mixtures are shown in Figure 2. The procedure used to transfer the real
particle shapes into the model environment are described elsewhere [1].
The model domain spanned 1.62 mm in height, and 0.261 mm in width. Pe-
riodic boundaries were prescribed at the left and right edges to approximate
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an infinite medium, while material was permitted to enter and exit through
the upper and lower edges. Several mesh sizes were employed, depending upon
the powder microstructure. A flat resolution of 1 µm per cell edge was used
in the case of the spherical Ni+Al mixture, while three resolutions, coarse
(1 µm/cell edge), medium (0.5 µm/cell edge), and fine (0.25 µm/cell edge)
were used for the flake Ni + spherical Al configuration. The hydrodynamic
mechanical response of the nickel and aluminum components was described
by a Mie-Gru¨neisen equation-of-state, while the strength was governed by the
Steinberg-Guinan viscoplastic model for high strain-rates [24]. The shock was
delivered by the motion of a copper piston from the lower edge, at particle
velocities of 0.5, 0.75, and 1 km/s.
5 Results
An in-depth multiscale characterization of the influence of particle morphol-
ogy on the shock-compression response of Ni+Al powder mixtures was ac-
complished. In as much as possible, observations are made between mixtures
of equivalent density (45% TMD), but different Ni morphology. First, vali-
dation of the simulations based upon comparisons to experimental Us − Up
data are presented. The structure and stability of the high-pressure fronts
in the spherical and flake-shaped powder mixtures are then compared. Next,
the spatial and temporal dispersion of the advancing peak stress front are
measured across the sample width. The heterogeneity of pressure and temper-
ature following void collapse are also noted. Finally, the complex mechanisms
of deformation and their evolutions, specific to each component and powder
mixture configuration, are characterized from sequences of images captured
at different times. Through comparisons between the simulations performed
on the micron-scale spherical and flake-shaped Ni+Al mixtures, mechanisms
leading to and responsible for the initiation of shock-induced chemical reaction
are proposed.
5.1 Bulk-level Validation
The numerical simulations of the shock-compression of Ni+Al powder mix-
tures were validated at the macro-scale on the basis of equation-of-state. The
simulated equation-of-state of each mixture was determined by correlating the
particle velocity, Up (assigned to the Cu driver), with the resulting shock ve-
locity, Us. The shock velocity was obtained by noting the arrival-time of the
peak amplitude front after propagation distances of 1.0 and 1.5 mm for the
spherical mixture, and 0.4, 0.8, 1.0 and 1.5 mm for the flake mixture.
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The simulated Us−Up fits were compared to data obtained from time-resolved
plate-impact experiments performed in previous studies [8,9,22]. In these ex-
periments, a nearly one-dimensional supported shock pulse was used to dy-
namically compress a thin (<3 mm thick, 50.8 mm in diameter) layer of nickel
and aluminum powder mixture. In situ PVDF stress gauges located on ei-
ther side of the powder layer provided measurement of the amplitude of the
shock pulse entering and exiting the specimen, and of the shock velocity, de-
termined by the time of travel through the mixture thickness. Through use of
the Rankine-Hugoniot relations, the Us−Up equation-of-state of the specimen
was determined.
Figure 3 shows the Us − Up data obtained through experiments and simula-
tions for the 60% TMD spherical Ni+Al, and 45% TMD flake Ni + spherical
Al powder mixtures. The error bars on the experimental data points corre-
spond to uncertainties in powder density, thickness, and shock transit time,
while those for the simulation results (indicated by the narrow band) originate
from the uncertainty in locating the position of an irregular shock front. The
simulation closely matches the experimental data for the 60% TMD specimen.
In the case of the 45% TMD mixture, the simulation only fits the lower end
of the experimental data, albeit offset to lower shock velocities. This offset
is ascribed to the 2-dimensional symmetry of the model, and the omittance
of out-of-plane particles and contacts that would otherwise assist in the pro-
gression of the shock front. The upper portion of data contains the signature
of shock-induced chemical reaction, discussed elsewhere [8], which is not re-
produced by the current model; the model only simulates the evolution of
mechanical configuration, and does not consider changes in chemistry. Re-
gardless, the mechanisms responsible for the initiation of ultra-fast chemical
reactions can be revealed by investigating the principle differences between
the shock response of the spherical- and flake-based powder mixtures at the
front and particle level.
5.2 Front character
The structure and stability of high-amplitude pressure fronts through equiaxed
granular materials has been shown previously to be dependent upon the initial
density and particle velocity. The influence of powder configuration is inves-
tigated by comparing pressure surfaces constructed in the spherical and flake
models of equivalent initial density (45% TMD) at Up = 1 km/s. Figure 4a
shows the pressure surface for the spherical Ni+Al mixture. The surface con-
sists of a leading front, followed by a region of high-amplitude pressure. The
front spans a thickness of nearly 100 µm, its irregularity caused by competi-
tion between rapid loading of particles and unloading from voids that have
yet to collapse (release pockets).
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Fig. 3. Comparison between measured and simulated Us − Up data for the 60%
TMD spherical Ni+Al, and 45% TMD flake Ni + spherical Al mixtures. Note, the
simulation does not predict the increased shock velocities in the flake mixture at
higher pressures, due to omitted details of chemical reaction.
A similar characterization was also performed for the shock front in the flake
Ni + spherical Al powder mixture. Shown in Figure 4b is the pressure surface
constructed after a shock transit time of 250 ns for the fine mesh model. Note
the narrow thickness of the elastic front network, which is on the order of
tens of microns (10-40 µm). This thickness is consistent with the results of
the 45% spherical Ni+Al mixture, and is attributed to the small number of
interparticle contacts at the low density. The rise of the high-amplitude portion
of the surface spans an even smaller distance, and is followed by a seemingly
constant regime of pressure. These observations are in stark contrast to the
trend witnessed in the spherical mixture, i.e., shocked-state stability decreases
with mixture density. The numerous release pockets within and immediately
following the front in the 45% TMD spherical mixture are entirely absent; the
front not only appears to be stable, but highly planar. The absence of the
release pockets is attributed to the configuration of the void spaces within the
microstructure. Unlike the void spaces in the spherical mixture, which form
a large (at least a particle diameter in size) nearly contiguous network, the
void within the flake mixture is evenly distributed between the stacked flakes.
Thus, the void regions, while likely to be contiguous, are never more than a
few flake dimensions thick (∼600 nm). This results in a very rapid closure
of the void space which, combined with the even distribution and packing of
the particles throughout the thickness of the specimen, yields a highly planar,
nearly stable high-amplitude stress front.
Another indication of the stability of these high-amplitude stress fronts can
be seen in Figure 5, which is a comparison between the pressure profiles con-
structed for the spherical and flake Ni+Al mixtures. For the equiaxed mixture,
the profile contains several dips (indicated by the arrows), which are the sig-
nature of release from the void spaces. These dips serve to stretch the front,
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Fig. 4. Pressure surfaces in the spatial domain constructed for the 45% TMD (a)
spherical Ni+Al, and (b) flake Ni + spherical Al simulations. Note the narrow width
and planarity of the shock front in the mixture containing flake particles relative to
the spherical mixture.
Fig. 5. Comparison between the pressure profiles of the (a) spherical Ni+Al, and
(b) flake Ni + spherical Al mixtures. The rise time of the spherical mixture is
approximately 74 ns due to the influence of release pockets (arrows), whereas it is
only 15 ns for the flake mixture, caused by the even distribution of void space.
extending the time required to achieve the high-amplitude state (rise-time) to
approximately 74 ns. This time is considerably longer than that for the flake
mixture, which is approximately only 15 ns. Such broadening of the shock
front is commonly referred to as ‘dispersion’, and is frequently observed in the
time-resolved records obtained from porous materials [4, 25–27]. In addition,
the pressure following the rise to peak amplitude is also sensitive to particle
morphology, varying by only ±1 GPa for the flake mixture, as compared to ±2
GPa for the spherical powders. Pressure variations of the magnitude shown
following the shock front are not detected by experimental measurements,
which instead obtain an averaged measure of material response. It should be
noted that these characteristics of the high-amplitude front are representative
of profiles obtained at several locations throughout the spherical- and flake-
based Ni+Al mixture models. In the equiaxed mixture, such front character
does not meet the definition of a stable shock. Only the flake mixture, with
its narrow front width, stable high-pressure state, and quasi-planar structure,
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appears to develop a true shock front.
Next, the influence of powder configuration on thermo/mechanical response
at the front-level was investigated through field plots taken at the various
particle velocities simulated. Figure 6 shows the local cell pressures and tem-
peratures for the spherical and flake mixtures from 260 µm fields near the
high-amplitude front, presented according to particle velocity (0.5, 0.75, and
1 km/s). Cell temperatures were calculated from the contributions of PdV
mechanical work and artificial viscosity. At Up = 0.5 km/s, the cell pressure
and temperature fields appear to be quite homogeneous for both configura-
tions. The only noticeable variations are observed in the increased temper-
ature at the aluminum particle peripheries, and are on the order of only a
few hundred degrees. As the particle velocity is increased, the cell pressures
throughout the field become progressively more spread, the greater effect be-
ing observed in the spherical mixture (∆P >10 GPa). The pressure spikes
in the flake mixture are isolated and few, caused by impinging of adjacent
aluminum particles. Generally, the pressures in the flake mixture at Up = 1
km/s range from ∼3-5 GPa. The changes in temperature with particle ve-
locity are less mild. In the spherical mixture, substantial heating (>1200 K)
is produced within the flow channels of aluminum, while the nickel particle
interiors remain largely undisturbed. On the other hand, the reverse is true
for the flake mixture, in which the cells containing nickel and the aluminum
particle exteriors experience significant increase in temperature (>1200 K),
while the aluminum interiors see a marginal change. Perhaps most significant
is the difference in the localization of temperature between the two configura-
tions. While in the equiaxed mixture the heat is highly concentrated within
the discrete flow channels, the increased temperature in the flake mixture ap-
pears to be more evenly distributed throughout the nickel flakes. It should be
noted that while it is possible to measure “bulk” shock pressures using stress
gauges, the measurements provide a response averaged over the area spanning
the gauge and corresponding sample thickness. Measurements of stresses and
temperatures evolving at the local particle scale are not possible, which makes
it difficult to validate the response illustrated in Figure 6. Nevertheless, the
simulations shown supply important information regarding differences in the
local thermomechanical response, as a result of powder configuration.
5.3 Scatter Diagrams
The pressure line plots and field diagrams are useful for illustrating the spa-
tial or temporal distribution of pressure and temperature. In some cases, it is
also desirable to view the correlation between several different variables, and
thus characterize the state of the compressed region. The pressure-volume
states derived from the experimental results are an example of a correlated
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Fig. 6. Pressure and temperature fields as a function of both particle velocity and
morphology. A greater spatial variability in state is observed in the spherical mix-
ture, evidenced by the highly localized pressures at particle point contacts, and
temperatures within discrete flow bands.
plot between load and strain. As described in the previous sections however,
the experimental measurements supply averages of local behavior, and conse-
quently are insensitive to local fluctuations and instabilities. For this reason,
a unique diagram was developed that would both correlate several perceived
important state variables, and preserve the inhomogeneous nature of the com-
pressed zone.
The diagrams that were constructed are three-variable scatter plots, two of
the variables of which are pressure and strain. The third variable is known as
the nearest reactive neighbor distance (NRND), and is the minimum distance
separating cells containing reactive partner species. The first two variables
were supplied directly from the CTH database, while the third was calculated
in a data post-processing step. The intent of these diagrams was to reveal
the distribution in states achieved during the consolidation process, and in
particular, the evolution of the distance separating reactive neighbors. The
data for the scatter diagrams was taken from a fixed Eulerian window that
encompassed the entire model width, and spanned 199.8 µm for the spherical
mixture, and 204.5 µm for the flake mixture. Diagrams were constructed at
intervals of 5 ns, starting from the time when the shock front entered the
window, up to the time when the front had passed entirely beyond the upper
window boundary.
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Fig. 7. Scatter plot for the 45% TMD spherical Ni+Al powder mixture constructed
from a fixed Eulerian window after 100 ns. The states from both components are
widely scattered, exhibiting large variations in pressure and strain. The aluminum
states appear to show slightly higher levels of strain, when compared to the nickel
states.
Scatter diagrams constructed 100 ns after the arrival of the shock front are
shown for the spherical and flake Ni+Al powder mixtures in Figures 7 and
8, respectively. The diagrams for both components share the same strain and
NRND axes, while the pressure axis is discontinuous. For the spherical mix-
ture, both components exhibit a wide scatter in strain, pressure, and NRND.
The bulk of the pressures (ignoring upper-end scatter) span nearly the same
range for both components, ∼ 0− 8 GPa. The spread in strain, on the other
hand, is larger for aluminum than nickel. The maximum strain in aluminum is
approximately 10-12, while for nickel it is only 5. The nearest reactive neighbor
distances also see a large variation, and range from 0 (in contact) to > 15µm.
It is not surprising to see such large ranges, as the line profiles and field dia-
grams also indicated a highly heterogeneous macro-scale and local response.
Also, it would appear from the equivalent range in NRND between compo-
nents, that there remain large particle interiors for both nickel and aluminum
that are removed from their reactive partners by tens of microns.
The pressure, strain, NRND scatter diagram constructed after 100 ns for the
flake mixture exhibits a markedly different appearance. The states for both
the nickel and aluminum components have a dramatically reduced spread in
pressure (±1 GPa), suggesting that a nearly equilibrium mechanical state is
achieved. Furthermore, the maximum strain in the aluminum is about 6, while
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Fig. 8. Scatter plot for the 45% TMD flake Ni + spherical Al powder mixture con-
structed from a fixed Eulerian window after 100 ns. Both the nickel and aluminum
states have a very narrow spread in pressure, suggesting a rapidly achieved mechan-
ical equilibrium. The NRND of the aluminum is greatly reduced to approximately 5
µm. Like the spherical mixture, the aluminum particles occupy a larger distribution
of strain that the nickel particles.
that for nickel 4. Thus, the difference between the maximum strains in either
component is reduced (∆εmax = 2 for the flake mixture versus 5-7 for the
spherical mixture). The change in NRND is also quite significant. The distance
separating the deformed aluminum particles is concentrated heavily within the
0 − 5 µm range, while the distance for the nickel particles is between 0 − 17
µm. These results indicate that the configuration of the aluminum particles
is changing in such a way as to reduce the distance between their interiors
and nickel. Nickel, on the other hand, retains regions very well removed from
aluminum, which is evidence of the development of clusters. It should be noted,
however, that these measures are determined from 2-dimensional models, the
reduced dimensionality has the largest impact on the nickel flake NRNDs.
Since the flattened aluminum particles are almost exclusively bordered in-
plane by nickel, little change is expected from considering out-of-plane nickel
flakes. The nickel flakes, on the other hand, are highly clustered in-plane, the
nearest aluminum particle commonly removed by tens of flake thicknesses. An
out-of-plane aluminum particle could have a significant impact on the NRND.
Further interpretation of these plots requires a meso-scale characterization of
deformation at the particle level.
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Fig. 9. Series of images showing the flattening of aluminum particles at the shock
front in the flake mixture. Total time is 45 ns, corresponding to a local particle
strain rate of 5e9.
5.4 Deformation Mechanisms
As discussed in prior work [1], the primary particle-level responses in the
equiaxed mixtures are preferential deformation of aluminum, focused flow,
and vortex formation. The micro-mechanical features of particle deformation
differ greatly between the spherical and flake Ni+Al powder mixtures. While
the aluminum particles in the spherical mixture experience preferential defor-
mation and mass flow over large distances, those in the flake mixture undergo
a very unique change in configuration during shock compression. Shown in
Figure 9 is a series of snapshots from the fine scale flake Ni + spherical Al
mixture model that follow the ‘flattening’ of two nearly spherical aluminum
particles. Such flattening is the cumulative response of the particles first im-
pinging against the compressed zone, and then subsequently colliding with the
nickel flakes that immediately follow. Massive aluminum flows are not formed
simply due to the lack of large, open, void space. The homogeneous distribu-
tion of nickel flakes (and thus, void space) guarantees that most aluminum
particles are separated from one another by layers of nickel flakes. This con-
figuration leads to severely flattened aluminum particles of highly increased
surface area.
The processes of focused flow and vortex formation still occur in the flake
mixture, although due to different mechanisms. Since the layered nickel flakes
obstruct flow in the direction of shock propagation, most focused flow occurs
laterally. The formation of such a focused flow leading to a lateral vortex is
isolated in Figure 10. As shown through the sequence of images, a focused
flow of aluminum is forced into an adjacent aluminum particle. After 5 ns, a
vortex begins to take shape at the impingement site. Unlike the vortexes in
the spherical mixture, these lateral vortexes can easily draw in particulates of
nickel, due to the fine structure of the flakes.
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Fig. 10. Lateral vortex in the flake Ni + spherical Al mixture. The Ni flakes are
easily incorporated into the flow, due to their fine structure.
5.5 End-state Configuration
The significance of the local deformation processes observed in the spheri-
cal and flake-shaped powder mixtures, in terms of their affect on reaction
susceptibility, can be inferred from simulated micrographs of the final, consol-
idated powder configurations, shown in Figure 11. End-states are shown for
the (a) 60% and (b) 45% TMD spherical Ni+Al mixtures, and (c) 45% flake
Ni + spherical Al mixture, following simulation at Up = 0.75 km/s. The 60%
spherical mixture clearly exhibits preferential deformation of Al (dark grey),
evidenced by the large, relatively undeformed clusters of Ni (light grey). At
45% TMD, the aluminum flows have grown in size and turbulence, imparting
a greater degree of damage to the Ni particles. Notice that the deformation
history is quite evident in the remnant flow patterns, and that the evolved
mixture configuration is highly heterogeneous; regions of varying degrees of
mass flow and particulation exist in the microstructure. In contrast, the end-
state configuration of the flake Ni+Al mixture is far more homogeneous, with
evidence of lateral flow during the flattening process observed for every Al
particle.
As reaction initiation must occur at the interfaces between Ni and Al, an indi-
rect measure of the potential for wide-scale reaction may be obtained from the
amount of intimate surface contact in the microstructure. Line-intersection
analysis was performed on the simulated end-state microstructures of the
spherical powder mixtures of varying density, and the 45% TMD flake mix-
ture, to estimate the Ni/Al interface area per unit volume, SV [28] as a func-
tion of initial particle velocity. As shown in Figures 11 and 12, the amount of
Ni/Al interface area in the spherical mixture increases with increasing porosity
(decreasing %TMD) and particle velocity. The 45% TMD spherical mixture
exhibits the largest increase in Ni/Al interface at Up = 1 km/s. This increase
reflects the enhanced deformation and particulation caused by the increased
void volume and extended void closure times. When the morphology of the
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Fig. 11. Final, end-state micrographs simulated (Up = 0.75 km/s) for the (a) 60%
TMD spherical Ni+Al, (b) 45% TMD spherical Ni+Al, and (c) 45% TMD flake Ni
+ spherical Al mixtures, and the associated nickel/aluminum interface area per unit
volume, SV . The amount of intimate interface in the flake mixture is greater than
that for both spherical mixtures, revealing a tremendous change in configuration.
Fig. 12. Plot of interface area per unit volume, SV as a function of particle velocity
for the 80%, 60%, and 45% TMD spherical mixtures, and the 45% TMD flake
mixture.
Ni particles is changed from spherical to flake, an even greater increase in
the amount of Ni/Al interface area is observed (nearly doubled at Up = 0.5
km/s, at an equivalent density). A similar analysis performed on a 60% TMD
spherical Ni+Al specimen recovered following an impact experiment at Up =
0.55 km/s yielded a measure of SV = 99.1 mm
−1, and is also shown in Figure
12. This is nearly identical to the simulated value of 101.3 mm−1 at Up = 0.5
km/s for the same powder configuration, validating the deformation and flow
behavior of the constituents within the regime compared.
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6 Discussion
6.1 Particle-level Deformation Processes
The simulations of the shock-compression of Ni+Al powder mixtures have pro-
vided evidence of morphology-dependent behavior across several scales. These
differences observed at the front-level, clearly show that particle morphology
directly affects the planarity, stability, and rise-time of the high-pressure dis-
turbance. The shock-like structure of the disturbance in the flake mixture is
at the very least an indication that local deformation processes are distributed
homogeneously behind the front.
At the particle level, it becomes clear that the specific make-up of the par-
ticles bordering the void spaces has a large effect on the precise mechanical
and thermochemical states evolved. As the powders considered in the present
work are far from ideal, they can take up a limitless number of elaborate
configurations. These configurations simply add to the complexity of particle
deformation and intermixing. The simulations showed that mechanisms such
as focused flow, particulation, and vortex formation were active in the micron-
scale spherical Ni+Al powder mixtures, and are fundamentally linked to the
preferential deformation of aluminum and annihilation of the void space. The
large contiguous void volume in the spherical mixture permits the aluminum
flow to grow in turbulence, and dictate deformation in adjacent regions. Ac-
cording to Graham [29], ‘mixing will be expected whenever local heterogeneous
deformation is encountered’. From the current work it is clear that while the
above statement is true, extensive mixing is not necessarily guaranteed. In
the spherical mixture, aluminum vortexes appear to draw in very little nickel
from adjacent particles and clusters. As shown in Figure 1b, vortex motion
near a nickel particle does not accomplish any breakup or incorporation of
the neighboring nickel. These regions serve instead as sources of increased
temperature, which can evolve into thermochemical initiation sites, albeit at
extended time scales (tens of microseconds or later). Such evidence of reac-
tion products (NiAl3) within regions of vortex flow has been observed in the
recovered micrographs of a spherical Ni+Al mixture shock-compressed at 998
m/s [22].
The simulations performed on the flake Ni + spherical Al mixture yielded quite
different deformation characteristics. As discussed above, the distribution of
flakes and void space results in a highly planar, rapidly equilibrated high-
amplitude front. It also follows that the configuration of the flakes serves
to isolate the aluminum particles from one another. Thus, as the particles
are shock-compressed, focused flow can only occur laterally, and into a void
space far more limited in size than the contiguous networks in the spherical
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mixture. As a result, the spherical particles are swiftly brought into mechanical
equilibrium, as seen in the scatter diagrams, and deformation cascades are
eliminated. This serves to keep the front planar, and devoid of release pockets.
An indication of the degree of flattening that occurs (Up = 1 km/s) can be
obtained from the evolution of nearest reactive neighbor distance. After 80
ns, the maximum mean NRND for aluminum is approximately 5 µm. This is
reduced from a starting maximum distance of 17 µm. On the other hand, the
NRND for nickel remains undiminished (17 µm). This large disparity between
mass transport distances suggests that reaction will be only localized around
the aluminum particles.
6.2 Chemical Reaction Mechanism
From the observations of shock-compression behavior of reactive powder mix-
tures at several scales, we can begin to formulate an explanation for the var-
ied deformation and consequent chemical response of the spherical and flake
Ni+Al powder mixture systems. The difficulty in initiating shock-induced re-
actions at the high-pressure state in mixtures of Ni and Al powders of spherical
morphology appears to be due to a combination of the preferentialism of de-
formation, and the large consolidated void spaces. The bulk compression is
highly partitioned between the two components, which produces a highly ac-
tivated (strained) aluminum matrix surrounding large, relatively undisturbed
nickel clusters. Vortexes are frequently observed within the aluminum flow, yet
these contain very little nickel for mass mixing. While shock-induced reaction
may be initiated in select regions, the widely varying states of temperature,
deformation, and mixing throughout the compressed zone make it unseemly
that such reaction pockets will be sustained over longer times, and thereby
influence the measured macroscopic shock-compression response.
In contrast, all of the Al particles in the flake powder mixture system appear
to become severely flattened by the advancing wave front. This phenomenon
is reflected by the highly stable high-pressure state and low NRND for alu-
minum. As the aluminum is flattened from a sphere into an oblate spheroid,
the surface area in contact with nickel increases. This can be shown by ap-
proximating the aluminum particles as perfect spheres, and calculating the
relative surface area as a function of spheroid eccentricity. By respectively
assuming an original radius and final minor radius of 17 µm and 5 µm, the
dissimilar particle surface contact area is increased by approximately 80%.
Furthermore, line intersection measurements revealed a significant increase in
the Ni/Al interface area in the flake mixture relative to the spherical mix-
ture. This large increase in interface area results in the exposing of nascent,
fresh reactants. Previous researchers have identified this mechanism as one
of several critical processes for the initiation of chemical reactions [30]. It is
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hypothesized that each and every aluminum particle acts as a reaction ini-
tiation site, with mixing facilitated by the shear produced during the rapid
lateral flow of the compressed aluminum particle. The fine structure of the
nickel flakes further promotes mixing, by more easily being drawn into the
lateral flows and vortexes with aluminum. Such processes are consistent with
the observations made by Horie, who has pointed to Helmholtz instabilities,
microjetting, and dispersion of material within vortexes as necessary mixing
mechanisms for reaction [31,32]. The interparticle shear produced during flat-
tening and lateral flow of the aluminum particles in the flake mixture is also
similar to the mechanics described by Dremin’s ROLLER model [33]. Dur-
ing flattening, new material is progressively fed into the interface. The sliding
interface between nascent aluminum and fine-structured nickel may initiate
reaction through such a mechanism. In short, the propensity for the flake
mixture to react is due solely to the creation of Al/Ni boundaries, through
transport of nascent, aluminum particle interiors into nickel at the interpar-
ticle boundaries during the flattening process. To explore this effect in more
detail, molecular dynamics or atomistic simulations need to be conducted to
investigate how the dissimilar atoms are drawn into the reaction zone, and
lead to reaction product formation.
These results do well to address the questions posed earlier concerning the
influence of configuration on the mechanical and shock-induced chemical re-
sponse of powder mixtures. Additionally, they can be used to elaborate upon
the details of the CONMAH schema, a conceptual model proposed by Gra-
ham to describe the general processes (configuration change, mixing, shock
activation, and heating) leading to shock-induced chemical reactions [34]. Fig-
ure 13 shows the CONMAH model updated with the results of the discrete
particle simulations. In this schematic, material in the original configuration
(shown at left) is brought to a final, compressed configuration (shown at right)
through the transition zone. Prior to this work, the particular events within
the transition zone were speculated [33, 35, 36], but unknown. The current
simulations reveal that the character of the transition zone depends strongly
on the initial configuration, which leads to variations in the structure (dis-
persion, irregularity) and stability (release pockets) of the shock-wave front,
and particle-level deformation and mixing behavior. The combined interpre-
tation of experiments and simulations suggests that shock-induced chemical
reactions are initiated more easily in systems with a narrow, abrupt transition
zone, symbolic of the quasi-homogeneous distribution of porosity and local
deformation response.
The elaborated CONMAH model summarizes the shock-compression response
of both equiaxed- and flake-shaped Ni+Al powder mixtures illustrating rea-
sons for the lack of (in the case of the former) and/or the cause of (in the case
of the latter) shock-induced reactions in these systems. As such, the transition
zone and particle-level features shown are particular to the systems investi-
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Fig. 13. Schematic illustrating the updated CONMAH model with details of the
transition zone and possible processes influencing configurational changes supplied
by the current investigation.
gated, and are not expected to be applicable to all classes of material systems.
Other material combinations, e.g., ceramic + metal, polymer + metal powder
mixtures, may exhibit differing modes of deformation, fracture, dispersion, and
mixing, possibly reaching its reacted configuration through a different transi-
tion zone. Similar experiments and computations must be completed on these
systems in order to establish a more global understanding of the transition
zone, and its role in shock-induced chemical reactions.
6.3 Limitations and Considerations
The simulations shown represent the first computational study of the shock-
compression of multi-component powders employing real, imported microstruc-
tures. This approach is necessary to describe the particle-level processes that
are not captured through real-time experimental diagnostics. However, it should
be noted that there are several limitations and caveats to the present work.
The first concern is the level of validation that currently exists between ex-
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perimental work and discrete-particle simulations. As shown in this work,
validation exists at the bulk scale (Us−Up, EOS fitting), the front scale (rise-
time observations), and at the end-state (measure of SV ). On the other hand,
there is no method of experimentally obtaining the necessary data needed
to validate the local responses simulated in the current work. As yet, there
is a disparity between the length-scales respectively sampled or represented
in experiments and simulations. This lack of data at the particle-level makes
validating the appropriateness of the material strength models, and resulting
transient deformation modes and structures, difficult. In defense of the cur-
rent work, however, it should be reminded that very good agreement exists
in the validation of the end-states (Figure 11). It should be realized that the
end-state is very much path-dependent, and that such agreement cannot be
achieved if the transient behavior is simulated incorrectly. This argument is,
of course, entirely speculative, and will have to suffice until better techniques
are developed to validate the processes at the particle-level.
The second limitation of the current work lies in the 2-dimensional repre-
sentation of a 3-dimensional problem. Certainly, it is acknowledged that the
heterogeneity of powder mixtures extends in every dimension, and that the
omittance of the third dimension removes z-displacements and xz, yz rota-
tional modes. In addition, any out-of-plane features (particles, voids) that af-
fect in-plane behavior are also ignored. Such reduced dimensionality will have
varying degrees of influence from specimen to specimen. In mixture configu-
rations where out-of-plane flow is minimized, the inaccuracies arising from a
2-dimensional model are lessened. This is the case for the higher density spher-
ical mixtures and flake mixture, where the small contiguous void spaces led
to rapid void collapse. Efforts to import real microstructures in 3-dimensions
is already well underway, and is being accomplished through the technique
of serial-sectioning. Future studies on these 3D models will lead to a more
quantitative evaluation of the importance of reduced dimensionality.
7 Conclusions
Discrete-particle numerical simulations of the “shock”-compression of real, im-
ported microstructures was performed in order to determine the link between
particle morphology and experimentally-observed shock-induced reactions in
Ni+Al powder mixtures. Results indicated that particle morphology has sig-
nificant influence over the structure and stability of disturbance fronts, and the
micromechanics of particle deformation. The difficulty in initiating ultra-fast
reactions in the spherical mixture at modest pressures is caused by a combi-
nation of large, contiguous void spaces, and hard, equiaxed Ni particles. The
net result is the cumulative preferential deformation of many softer aluminum
particles into the void regions, limiting the degree of interparticle mixing.
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In contrast, stacking of the Ni-flakes in the flake mixture resulted in the homo-
geneous distribution of the void space; the size of the voids was on the order
of several flake thicknesses. This configuration led to rapid flattening of the
aluminum particles, and doubling of the particle surface area. The trapping of
aluminum by the flakes prevented the build-up of deformation cascades, and
forced all deformation to be localized. Vortexes produced through lateral flow
were observed to incorporate significant nickel, due to the fine structure of the
flakes.
These results provide further evidence of the influence of configuration on the
mechanical and chemical response of intermetallic-forming powder mixtures.
Understanding the details of configuration change within the transition zone
is an essential step to controlling the shock-response of heterogeneous mate-
rials. Extending this understanding throughout the gamut of heterogeneity
will ultimately provide the ability to synthesize new materials with prede-
fined behavior, and allow control of reaction and associated energy release for
energetic material applications.
Acknowledgements
The authors wish to acknowledge financial support provided through AFOSR-
MURI Grant No. F49620-02-1-0382, ONR-MURI Grant No. N00014-07-1-0740
(UCSD prime), and the ASEE National Defense Science Engineering Graduate
Fellowship awarded to D.E. Eakins. The simulations conducted on the flake
mixture were performed using the shared resources at the Army Research
Laboratory HPC center. The authors thank Dr. David Crawford at Sandia
National Laboratories for training in the use of CTH.
References
[1] D. Eakins, N. Thadhani, Discrete particle simulation of shock wave propagation
in a binary ni+al powder mixture, Journal of Applied Physics 101 (2007)
043508.
[2] M. Meyers, M. Carvalho, Shock-front irregularities in polycrystalline metals,
Materials Science and Engineering 24 (1) (1976) 131–135.
[3] R. Graham, Shock-induced electrical activity in polymeric solids. a mechanically
induced bond scission model, Journal of Physical Chemistry 83 (23) (1979)
3048–3056.
[4] W. Holt, J. W. Mock, M. Anderson, G. Holman, R. Graham, Effect of particle
morphology on input and propagated stress wave profiles for two highly
porous polytetrafluoroethylene powders, in: S. Schmidt, W. Tao (Eds.), Shock
Compression of Condensed Matter, Vol. 370, Seattle, 1995, pp. 573–576.
24
[5] N. N. Thadhani, R. A. Graham, T. Royal, E. Dunbar, M. U. Anderson, G. T.
Holman, Shock-induced chemical reactions in titanium-silicon powder mixtures
of different morphologies: time-resolved pressure measurements and materials
analysis, Journal of Applied Physics 82 (3) (1997) 1113.
[6] E. Dunbar, N. Thadhani, R. Graham, High-pressure shock activation and
mixing of nickel-aluminum powder mixtures, Journal of Materials Science
28 (11) (1993) 2903–2914.
[7] W. F. Hammetter, R. A. Graham, B. Morosin, Y. Horie, Effects of shock
modification on the self-propagating high temperature synthesis of nickel
aluminides, in: S. Schmidt, N. Holmes (Eds.), Shock Waves in Condensed
Matter, North-Holland, Monterey, CA, 1988, pp. 431–442.
[8] D. Eakins, N. Thadhani, Shock-induced reaction in a flake nickel + spherical
aluminum powder mixture, Journal of Applied Physics 100 (2006) 113521.
[9] D. Eakins, N. Thadhani, Role of constituent configuration on shock-induced
reactions in a ni+al powder mixture, in: N. Thadhani, R. W. Armstrong,
A. Gash, W. Wilson (Eds.), 2005 Materials Research Society Fall Meeting,
Vol. 896 of Multifunctional Energetic Materials, Materials Research Society,
Warrendale, PA 15086, United States, Boston, MA, 2005, pp. 191–196.
[10] R. Williamson, Parametric studies of dynamic powder consolidation using a
particle-level numerical model, Journal of Applied Physics 68 (3) (1990) 1287–
1296.
[11] D. Benson, An analysis by direct numerical simulation of the effects of
particle morphology on the shock compaction of copper powder, Modelling and
Simulation in Materials Science and Engineering 2 (1994) 535–550.
[12] D. R. Kumar, R. K. Kumar, P. Philip, Simulation of dynamic compaction of
metal powders, Journal of Applied Physics 85 (2) (1999) 767–775.
[13] M. Baer, W. Trott, Mesoscale studies of shock loaded tin sphere lattices, in:
M. Furnish, Y. Gupta, J. Forbes (Eds.), Shock Compression of Condensed
Matter, 2003, pp. 517–520.
[14] J. Wulf, T. Steinkopff, H. F. Fischmeister, Fe-simulation of crack paths in the
real microstructure of an Al(6061)/SiC composite, Acta Materialia 44 (5) (1996)
1765.
[15] J. Zhai, V. Tomar, M. Zhou, Micromechanical simulation of dynamic fracture
using the cohesive finite element method, Journal of Engineering Materials and
Technology 126 (2004) 179–191.
[16] D. Benson, P. Conley, Eulerian finite-element simulations of experimentally
acquired hmx microstructures, Modelling and Simulation in Materials Science
and Engineering 7 (1999) 333–354.
[17] D. Benson, Raven v.109 (February 2006).
25
[18] D. Benson, The calculation of shock-velocity - particle velocity relationship for
a copper powder by direct numerical simulation, Wave Motion 21 (1995) 85–99.
[19] M. Baer, Modeling heterogeneous energetic materials at the mesoscale,
Thermochimica Acta 384 (2002) 351–367.
[20] R. A. Austin, D. L. McDowell, D. J. Benson, Numerical simulation of shock wave
propagation in spatially-resolved particle systems, Modelling and Simulation in
Materials Science and Engineering 14 (2006) 537–561.
[21] F. J. Zeigler, J. M. McGlaun, S. L. Thompson, T. G. Trucano, Computations
of hypervelocity impact using the cth shock wave physics code, in: S. Schmidt,
N. Holmes (Eds.), Shock Waves in Condensed Matter, Shock Waves in
Condensed Matter, 1987, pp. 721–724.
[22] D. Eakins, N. Thadhani, Investigation of shock-induced reaction in a ni+al
powder mixture, in: American Physical Society, 14th APS Topical Conference
on Shock Compression of Condensed Matter, American Institute of Physics,
Baltimore, MD, 2005, pp. 1153–1156.
[23] I. Song, N. Thadhani, Shock-induced chemical reactions and synthesis of nickel
aluminides, Metallurgical and Materials Transactions A 23A (1992) 41–48.
[24] D. Steinberg, S. Cochran, M. Guinan, A constitutive model for metals applicable
at high-strain rate, Journal of Applied Physics 51 (3) (1980) 1498–1504.
[25] M. Anderson, R. Graham, G. Holman, Time-resolved shock compression of
porous rutile: wave dispersion in porous solids, in: International conference of
the International Association for the Advancement of High Pressure Science
and Technology, Vol. 309, American Institute of Physics, Colorado Springs,
Colorado, 1993, pp. 1111–1114.
[26] K. S. Vandersall, N. N. Thadhani, Time-resolved measurements of the shock-
compression response of Mo+2Si elemental powder mixtures, Journal of Applied
Physics 94 (3) (2003) 1575.
[27] X. Xu, N. Thadhani, Investigation of shock-induced reaction behavior of as-
blended and ball-milled Ni+Ti powder mixtures using time-resolved stress
measurements, Journal of Applied Physics 96 (4) (2004) 2000.
[28] A. Gokhale, Quantitative characterization and representation of global
microstructural geometry, in: G. F. V. Voort (Ed.), ASM Metals Handbook,
Vol. 9 of Metallography and Microstructures, ASM, Materials Park, 2004, pp.
428–447.
[29] R. Graham, B. Morosin, Y. Horie, E. Venturini, M. Boslough, M. Carr,
D. Williamson, Chemical synthesis under high pressure shock loading, in:
Y. Gupta (Ed.), Shock Waves in Condensed Matter, Plenum Publishing
Corporation, Spokane, WA, 1986, pp. 693–711.
[30] N. Thadhani, Shock-induced and shock-assisted solid-state chemical reactions
in powder mixtures, Journal of Applied Physics 76 (4) (1994) 2129–2138.
26
[31] Y. Horie, Shock-induced solid state chemistry: theoretical background, Sandia
report, Sandia National Laboratories (1986).
[32] Y. Horie, M. E. Kipp, Modeling of shock-induced solid state chemistry, Sandia
report, Sandia National Laboratories (1987).
[33] A. N. Dremin, O. N. Breusov, Processes occurring in solids under the action of
powerful shock waves, Russian Chemical Reviews 37 (5) (1968) 392–402.
[34] R. Graham, Issues in shock-induced solid state chemistry, in: R. Charet (Ed.),
3rd International Symposium on High Dynamic Pressures, CEA, La Grande-
Motte, France, 1989, pp. 175–180.
[35] S. Batsanov, G. Doronin, S. Klochkov, Synthesis reactions behind shock fronts,
Fizika Goreniya i Vzryva 22 (6) (1987) 765–768.
[36] V. Nesterenko, M. Meyers, H. Chen, J. LaSalvia, Controlled high-rate localized
shear in porous reactive media, Applied Physics Letters 65 (24) (1994) 3069–
3071.
27
